Abstract Rat cytochrome P450, CYP1A1, has been reported to play an important role in the metabolism of mono-trichlorodibenzo-p-dioxins (M-TriCDDs). To breed lignin (and M-TetraCDDs)-degrading basidiomycete Coriolus hirsutus strains producing rat CYP1A1, an expression cassette [C. hirsutus gpd promoter-C. hirsutus gpd 5′ portion (224-bp of 1st exon-8th base of 4th exon)-rat cyp1a1 cDNA-Lentinula edodes priA terminator] was constructed and inserted into pUCR1 carrying the C. hirsutus arg1 gene. The resulting recombinant plasmid, MIp5-(cyp1a1 + arg1) was introduced into protoplasts of C. hirsutus monokaryotic strain OJ1078 (Arg − , Leu − ), obtaining three good Arg + transformants. These transformants [ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6(CYP1A1)] were estimated to carry nine, six, and seven copies of the expression cassette on their chromosomes, respectively. Immunoblot analysis revealed that the three transformants produce similar amounts of rat CYP1A1 enzyme. ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), ChTF5-6(CYP1A1) and recipient OJ1078 were cultivated in a liquid medium containing 2,7/2,8(at a ratio of 1:1)-dichlorodibenzo-p-dioxins (2,7/ 2,8-DCDDs) and the amount of intra-and extracellular 2,7/2,8-DCDDs remaining was measured. The results showed that all three transformants efficiently transform 2,7/2,8-DCDDs through the action of the recombinant rat CYP1A1 enzyme.
Introduction
Chlorinated dibenzo-p-dioxins (CDDs) have been of public concern for two decades because of their toxicity in animal tests (Safe 1990; Schecter et al. 1987) . Extracellular lignindegrading enzymes such as lignin peroxidase (LiP) and manganese peroxidase (MnP) produced by white-rot basidiomycete fungi have been reported to be involved in transformation of various CDDs (and various chlorophenols, etc.) (Armenante et al. 1994; Bumpus et al. 1985; Gold 1993, 1994; Reddy and Gold 2000; Takada et al. 1996; Valli et al. 1992) . Through various metabolic pathways, the white-rot basidiomycete fungi convert the chlorinated aromatic compounds to CO 2 and H 2 O. We have recently produced monokaryotic strains of the white-rot basidiomycete Coriolus hirsutus with high MnP or LiP activity (Yamazaki et al. 2004a,b; Yamazaki and Shishido 2003) . The culture supernatants of these strains showed higher transformation activities of 2,7-dichlorodibenzop-dioxin (2,7-DCDD) and pentachlorophenol.
To date, the metabolism of various CDDs has been studied in vivo using experimental animals (Hu and Bunce 1999a; Poiger et al. 1982; Rose et al. 1976; Tulp and Hutzinger 1978; Van den Berg et al. 1994; Wroblewski and Olson 1985) . The insertion of a single oxygen atom into the dioxin molecule to form an epoxide by cytochrome P450 (CYP) is considered to be the initial reaction in the metabolism of various CDDs. Hu and Bunce (1999b) suggested that mammalian CYP1A1 and CYP1A2 play an important role in the metabolism of mono-tri (M-Tri)CDDs. In vivo studies suggested that the CYP-dependent metabolism includes multiple reactions such as hydroxylation at an unsubstituted position, hydroxylation with migration of a chloride substituent, hydroxylation with elimination of a chloride substituent, and opening of the dioxin ring (Sakaki et al. 2002) . All of these reactions appear to be reactions aimed at detoxifying M-TriCDDs. Thus, CYPs seem very likely to be key enzymes for metabolism of M-TriCDDs in mammals. So far, such CYP-catalyzed metabolism of M-TriCDDs has been not reported in basidiomycete (and ascomycete) fungi, even though the CYPs of the white-rot basidiomycete Phlebia lindtneri have been implicated in the catalysis of a simple mono-hydroxylation of non-chlorinated DD; the in vivo mono-hydroxylation has been shown to be inhibited by CYP inhibitors (Mori and Kondo 2002) , and the CYPs of the white-rot basidiomycete Lentinula edodes (Akiyama et al. 2002 (Akiyama et al. , 2004 , Phanerochaete chrysosporium (Van den Brink et al. 1998) and Pleurotus pulmonarius (Maspahy et al. 1999 ) have been shown to catalyze the conversions of benzo(a)pyrene and 7-ethoxycoumarin. In this paper, we attempted to breed C. hirsutus strains that produce mammalian CYP and metabolize chlorinated dioxin molecules efficiently within mycelial cells. If such strains could be successfully bred, and used together with strains producing large amounts of extracellular LiP and MnP, various CDDs may be metabolized more efficiently. The rat cyp1a1 cDNA encoding the CYP1A1 enzyme that transforms 2,7-DCDD, 2,8-DCDD, and 2,3, 7-TriCDD (but not 2,3,7,8-TetraCDD) (Murakami et al. 1990 ) was used for breeding of C. hirsutus. We constructed a chromosome-integrating recombinant plasmid carrying an expression cassette for rat CYP1Al [C. hirsutus gpd promoter-C. hirsutus gpd 5′ portion (224-bp of 1st exon8th base of 4th exon)-rat cyp1a1 cDNA-L. edodes priA terminator] and introduced it into protoplasts of a monokaryotic strain of C. hirsutus. Since the presence of intron(s) in the coding region of a cDNA has been shown to be important for mRNA accumulation in basidiomycete fungal cells (Lugones et al. 1999; Ma et al. 2001; Yamazaki and Shishido, 2003) , the rat CYP1A1-encoding cDNA was fused just after eighth base of the fourth exon of the C. hirsutus gpd gene. Here, we report successful production of C. hirsutus monokaryotic strains that produce the rat CYP1A1 enzyme and transform 2,7/2,8(at a ratio of 1:1)-DCDDs (hereafter referred to simply as 2,7/2,8-DCDDs).
Materials and methods
Strains and media C. hirsutus dikaryotic strain IFO4917 was obtained from the culture collection of the Institute of Fermentation, Osaka, Japan. C. hirsutus monokaryotic strain OJ1078 (Arg − , Leu − ; Tsukamoto et al. 2003 ) was used as a recipient in transformation experiments. MYGC medium (1% malt extract, 0.4% yeast extract, 0.4% glucose, 1% casamino acids; pH 5.6) was used for growth of C. hirsutus strains. Regeneration medium [0.5 M sucrose, 2% glucose, 0.15% (NH 4 ) 2 HPO 4 , 0.05% KH 2 PO 4 , 0.1% K 2 HPO 4 , 0.05% MgSO 4 · 7H 2 O, 0.012% thiamine-HCl, 0.67% Bacto yeast base dehydrated, 0.05% L-leucine; pH 5.6] was used for C. hirsutus protoplasts.
Plasmid construction and transformation of C. hirsutus
The rat cyp1a1 cDNA (1,575 bp) with a complete open reading frame (ORF) was amplified by PCR using primer 1: 5′-CCGGATCC(BamHI)ATGCCTTCTGTGTATGGATTC CCAGCC-3′, primer 2: 5′-CCGGATCC(BamHI)CTAA GCCTGGAGATGCTGAGGACCAGAAG-3′, and the rat cyp1a1-carrying plasmid pAMR2 (Murakami et al. 1990 ) as template. The 1,149-bp DNA fragment containing the C. hirsutus gpd promoter and C. hirsutus gpd 5′-portion (224-bp of 1st exon-8th base of 4th exon) was amplified by PCR using primer 3: 5′-CCCGAATTC(EcoRI)AGAGGCG AGAGCGGACGAGGTCGGCCGGAG-3′ and primer 4: 5′-CCGGATCC(BamHI)GATACGACCTTGAAAAGGAT GAG-3′. The L. edodes priA terminator (1,201 bp) was prepared by digesting vector pLC1 (Ogawa et al. 1998) with BamHI and HindIII. The rat cyp1a1 cDNA was joined inframe just after the eighth base of the fourth exon of the C. hirsutus gpd gene by a BamHI connection (Fig. 1) . The L. edodes priA terminator was joined via a BamHI connection just after the stop codon of the rat cyp1a1 cDNA (Fig. 1) . The EcoRI fragment containing the expression cassette [C. hirsutus gpd promoter-C. hirsutus gpd 5′ portion-rat cyp1a1 cDNA-L. edodes priA terminator] was inserted into the EcoRI site of plasmid pUCR1 (8.2 kb), which contains the C. hirsutus ornithine carbamoyltransferase gene (arg1) (Tsukamoto et al. 2003) . The resulting recombinant plasmid, namely MIp5-(cyp1a1 + arg1) was introduced into protoplasts of C. hirsutus monokaryotic strain OJ1078 (Arg − , Leu − ) according to the procedure reported previously (Tsukamoto et al. 2003) . The Arg + transformants obtained were examined for the presence of the expression cassette of rat cyp1a1 cDNA on their chromosomes. The plasmid pUCR1 alone was introduced into protoplasts of OJ1078 to obtain a control Arg + transformant.
Southern blot analysis DNA isolation and Southern blot analysis were performed as reported previously (Ogawa et al. 1998 ).
Preparation of microsomal fractions from C. hirsutus strains Recombinant and recipient strains of C. hirsutus were cultivated in 300 ml MYGC medium at 30°C with shaking. After 2 weeks, the mycelial cells were freeze-dried and powdered in a blender. The powdered mycelial cells were suspended in solution A [0.59 M sucrose, 5 mM EDTA, 50 mM NaH 2 PO 4 , 10 mg/ml Yatalase (Takara Shuzo, Kyoto, Japan); pH 5.6] and incubated at 37°C for 1 h. The
Yatalase-treated mycelial cells were homogenized in ice water using a Potter-Elvehjem glass homogenizer with a Teflon pestle. The cell homogenate was centrifuged at 4,000 g for 10 min at 4°C to keep the non-precipitable fraction. The precipitate was suspended in ice-cold solution B [0.33 M sucrose, 1 mM EGTA, 0.3% bovine serum albumin (BSA); pH 7.1], homogenized, and centrifuged. This procedure was repeated three times. The non-precipitable fractions were combined and then centrifuged at 11,700 g for 30 min at 4°C. The supernatant was centrifuged at 39,400 g for 40 min at 4°C and the resulting precipitate was suspended in 6 mM Tris-HCl (pH 6.0). The suspension was centrifuged again and the precipitate was suspended in the same buffer. This procedure (washing) was repeated completely to remove BSA from the precipitate. The final suspension in 6 mM Tris-HCl (pH 6.0) was used as a microsomal fraction. The protein concentration of each of the microsomal fractions was measured by the method of Bradford (1976) using BSA as a standard.
SDS-polyacrylamide gel electrophoresis and immunoblot analysis
The microsomal protein samples (approximately 2 μg each) were separated on 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with SYPRO Ruby (Molecular Probes, Eugene, Ore.) or transferred to a PVDF membrane (Amersham Biosciences, Piscataway, N.J.) for immunoblot analysis. Immunodetection of target protein was performed using a semi-dry transfer system (NEB-3000W;
Nichiryo, Tokyo, Japan). After blocking the protein-transferred membrane with 5% non-fat milk for 16 h, the primary antibody, anti-rat CYP1A1 goat antibody (Daiichi-Kagaku, Tokyo, Japan) was reacted with antigen on the membrane for 1 h at room temperature and secondary antibody, HRP (horseradish peroxidase)-labeled anti-goat IgG donkey antibody (Nacalai Tesque, Kyoto, Japan), was then reacted for 1 h at room temperature.
Assessment of transformation of 2,7/2,8-DCDDs
A 10-ml sample of MYGC medium, containing 10 μg 2, 7/2,8-DCDDs (Cambridge Isotope Lab, Cambridge, Mass.) in an L-shaped tube, was inoculated with two (5×5×2 mm) cubes of MYGC/agar colonized with C. hirsutus mycelium, and cultivated at 30°C for 5 days with shaking. The whole cell culture was homogenized with the aforementioned homogenizer. To the culture homogenate, 35 ml hexanewashed 2 M KOH/MeOH (4:3) was added and shaken overnight at room temperature. The resulting mixture was extracted with an equal volume of hexane. The hexane extraction was repeated three times. The hexane layer combined was washed three times with 20 ml hexane-washed 2% NaCl solution, dehydrated with anhydrous sodium sulfate, and evaporated. The non-evaporated materials were dissolved in 5 ml hexane, followed by an extensive dehydration with concentrated sulfuric acid. Fresh hexane (15 ml) was added to the hexane layer recovered, which was then extracted with 20 ml hexane-washed distilled water. Fig. 1 a Structure of the rat CYP1A1-expressing recombinant plasmid MIp5-(cyp1a1+arg1). Thin line pUC18, Ch.arg1Coriolus hirsutus ornithine carbamoyltransferase marker gene, Ch.gpd promoter C. hirsutus gpd promoter; restriction sites: EEcoRI, BBamHI, HHindIII. b Structural features of the nucleotide sequences at the fusion junctions between the Ch.gpd 5′ portion, rat cyp1a1 cDNA (524 amino acid residues) and the Lentinula edodes priA (Le.priA) terminator. Numbers in the Ch.gpd promoter and Ch.gpd 5′ portion refer to nucleotide positions relative to the first nucleotide (+1) of the start codon of the rat cyp1a1 cDNA. Ch.gpd 5′ portion 224-bp of 1st exon-8th base of 4th exon of the C. hirsutus gpd gene. Conserved fungal (eukaryotic) promoter sequences are boxed. Deduced amino acid residues are shown beneath the nucleotide sequences. The three N-terminal and two C-terminal amino acid residues encoded by rat cyp1a1 cDNA are in bold, and labelled 1, 2, 3, and 523, 524, respectively with anhydrous sodium sulfate, the hexane layer was concentrated by evaporation, then passed through silica gel (Kieselgel 60; Merck catalogue number 7734, Darmstadt, Germany)/anhydrous sodium sulfate column to remove polar impurities and lipids. The hexane fraction passed through the column was evaporated completely to dryness. The resulting dried material was dissolved in 10 μl acetone and subjected to gas chromatography (GC). Samples were analyzed using a Shimadzu GC-17A system with flame ionization detector (FID) on a DB-5.625 column (J & W Scientific, Folsom, Calif.). The oven temperature was initially 80°C and then raised to 180°C at a rate of 15°C/min, kept at 180°C for 10 min, and then raised to 325°C at a rate of 5°C/min.
Results

Transformation of C. hirsutus Arg
− Leu − auxotrophic monokaryotic strain OJ1078 with MIp5-(cyp1a1+arg1) MIp5-(cyp1a1+arg1) contains the rat CYP1A1-expression cassette (C. hirsutus gpd promoter-C. hirsutus gpd 5′ portion-rat cyp1a1 cDNA-L. edodes priA terminator) and the selection marker C. hirsutus arg1 gene, as shown in Fig. 1 . This recombinant plasmid (4 μg) was introduced into protoplasts of C. hirsutus monokaryotic strain OJ1078 (Arg − , Leu − ), and Arg + transformants were selected. A total of 20 Arg + colonies were obtained, cultivated on MYGC/agar plates and their growth rates examined. Of these, five Arg + transformants showed almost the same growth rates as that of recipient strain OJ1078. To confirm the presence of the rat CYP1A1 expression cassette in the five Arg + transformants, Southern blot analysis was performed using 32 Plabeled 1,575-bp rat cyp1a1 cDNA as a probe. In samples of total DNA isolated from the five Arg + transformants without restriction endonuclease digestion, specific hybridization signals were observed in the high-molecular-mass DNA region corresponding to the chromosomal DNA (data not shown). No specific hybridization signal was detected in the total DNA sample of OJ1078.
Total DNA from all samples was then digested with EcoRI and subjected to Southern blot analysis using a mixed probe [ 32 P-labeled 1,575-bp rat cyp1a1 cDNA and 1,059-bp C. hirsutus ras (Ch.ras) gene; Yamazaki et al. 2004b ]. Our previous study has shown that the C. hirsutus genome contains a single copy of the ras gene, and an EcoRI digest of chromosomal DNA gives a ras signal at a position corresponding to 2.8-kb (Yamazaki et al. 2004b ). The EcoRI digests of all five Arg + transformants yielded rat cyp1a1-specific signal(s) in addition to the 2.8-kb ras signal (data not shown). As shown in Fig. 2 , EcoRI digests of three of the five Arg + transformants, namely ChTF5-2(CYP1A1) (lane 2), ChTF5-4(CYP1A1) (lane 3), and ChTF5-6(CYP1A1) (lane 4), gave an intense signal at 3.9-kb, corresponding to the size of the rat CYP1A1 expression cassette (in addition to the 2.8-kb ras signal). An EcoRI digest of the control OJ1078 (lane 1) showed only the ras signal. To estimate the copy number of the rat CYP1A1 expression cassette in the chromosomes of ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6(CYP1A1), the radioactivity of the 3.9-kb rat cyp1a1 band was compared with that of the 2.8-kb ras band. The specific radioactivities of the two probes of rat cyp1a1 cDNA and Ch.ras gene were similar. The data suggested that ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6(CYP1A1) carry nine, six, and seven copies of the rat CYP1A1 expression cassette on their chromosomes, respectively. Fig. 3a,b Immunoblot analysis of microsomal proteins extracted from the three rat CYP1A1-producing transformants and the recipient strain of C. hirsutus. a SYPRO Ruby staining of the microsomal proteins after SDS-PAGE. b Immunoblotting of microsomal proteins after transfer to a PVDF membrane. The blot was incubated with antirat CYP1A1 antibody and the signal made visible by chemilluminescence. Lanes: 1 Recipient OJ1078, 2 ChTF5-2(CYP1A1), 3 ChTF5-4 (CYP1A1), 4 ChTF5-6(CYP1A1) Fig. 2 Southern blot analysis of EcoRI digests of total DNA prepared from three rat CYP1A1-producing transformants and the recipient strain of C. hirsutus. Lanes: 1 Recipient OJ1078, 2 ChTF5-2 (CYP1A1), 3 ChTF5-4(CYP1A1), 4 ChTF5-6(CYP1A1). A mixture of 32 P-labeled 1,575-bp rat cyp1a1 cDNA and 1,059-bp C. hirsutus ras (Ch.ras) (Yamazaki et al. 2004b ) was used as a probe. Arrows Positions corresponding to the sizes of the rat CYP1A1 expression cassette (3.9-kb) and Ch.ras (2. 8-kb) Production of the rat cyp1a1 cDNA product, CYP1A1, by recombinant C. hirsutus strains The production and localization of rat CYP1A1 protein in ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6 (CYP1A1) were analyzed. In fungi (as in other eukaryotes) the majority of P450 protein has been reported to be present in microsomes [endoplasmic reticulum (ER); Akiyama et al. 2004; Oeda et al. 1985; Van den Brink et al., 1998 ]. The total protein contained in the microsomal fractions of ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), ChTF-5-6(CYP1A1), and OJ1078 was separated by SDS-PAGE (Fig. 3a) and transferred to a PVDF membrane. The protein-transferred membrane was analyzed by immunoblotting using anti-rat CYP1A1 antibody. As shown in Fig. 3b , a single signal was detected at the predicted position (62 kDa) for the microsomal protein blots of ChTF5-2(CYP1A1) (lane 2), ChTF5-4(CYP1A1) (lane 3), and ChTF5-6(CYP1A1) (lane 4), and their intensities were similar. No signal was detected in the case of OJ1078 (lane 1). These results showed that similar amounts of the rat CYP1A1 protein were produced in ChTF5-2(CYP1A1), ChTF5-4(CYP1A1) and ChTF5-6 (CYP1A1), and transferred to microsomes (ER). It is not rare for transformants containing a different number of copies of an integrated gene to produce similar amounts of expressed product. Gene expression in a chromosomeintegrated state appears not to be straightforward, in contrast to expression from plasmids.
Transformation of 2,7/2,8-DCDDs by rat CYP1A1-producing C. hirsutus strains We used 2,7/2,8-DCDDs for the experiment. To examine the transformation activity of 2,7/2,8-DCDDs, ChTF5-2 (CYP1A1), ChTF5-4(CYP1A1), ChTF5-6(CYP1A1), and OJ1078 were cultivated in 10 ml MYGC medium containing 10 μg 2,7/2,8-DCDDs in an L-shaped tube at 30°C for 5 days with shaking. For each of the strains, triplicate tubes were prepared and used for the cultivation. We chose the 5-day cultivation from the following reason. C. hirsutus monokaryotic strain produces only limited amounts of lignin-degrading enzymes (LiP and MnP), which also transform 2,7/2,8-DCDDs (Yamazaki et al. 2004a,b; Yamazaki and Shishido, 2003) , thus allowing rat CYP1A1-catalyzed transformation of 2,7/2,8-DCDDs to be easily assessed. Hexane extracts of whole cell cultures were subjected to GC and the total amount of 2,7/2,8-DCDDs remaining, both inside the mycelial cells and in the culture medium, was determined (Fig. 4) . 2,7-DCDD and 2,8-DCDD give a single peak in GC. First, the recovery (%) by hexane extraction of 2,7/2,8-DCDDs from the whole cell culture was analyzed. The standard amount (10 μg) of 2,7/2,8-DCDDs was added to 10 ml of a 5-day preculture of OJ1078, and extracted with hexane immediately. The peak of 2,7/2, 8-DCDDs recovered (Fig. 4b) was compared with that of 10 μg 2,7/2,8-DCDDs subjected directly to GC (Fig. 4a) 2,7/2,8-DCDD (10 μg) was added to the culture media of ChTF5-2(CYP1A1) (d), ChTF5-4(CYP1A1) (e), ChTF-5-6(CYP1A1) (f), and the recipient OJ1078 (c) before the start of cultivation. After 5 days, whole cell cultures were extracted with hexane and the resulting extracts analyzed by GC. The hexane extract obtained immediately after addition of 10 μg 2,7/2,8-DCDD to a 5-day preculture of OJ1078 (b), and 10 μg 2,7/2,8-DCDD alone (a) were also analyzed preculture was recovered. The peaks of the 5-day cultivations of ChTF5-2(CYP1A1) (Fig. 4d) , ChTF5-4(CYP1A1) (Fig. 4e) , and ChTF5-6(CYP1A1) (Fig. 4f) showed that the three strains transformed 2,7/2,8-DCDDs much more efficiently than OJ1078 (Fig. 4c) . The relative transformation of 2,7/2,8-DCDDs (%) was calculated by the peak of Fig. 4b being taken as 100%. ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6(CYP1A1) were found to transform 71.7, 69.8, and 69.4% of 2,7/2,8-DCDDs, respectively, while recipient OJ1078 was shown to transform only 11.8% of 2,7/2,8-DCDDs (Fig. 5) . The control Arg + transformant obtained by introduction of C. hirsutus arg1-carrying pUCR1 alone showed a level of transformation of 2,7/2,8-DCDDs similar to that of OJ1078 (data not shown). The results strongly suggest that, at 5 days of cultivation, about 58.5% (70.3-11.8) of 2,7-and 2,8-DCDD molecules added to the culture medium were transported into the mycelial cells and transformed by the rat CYP1A1 enzyme within them.
We next examined the level of transformation of 2,7/2, 8-DCDDs in a prolonged cultivation. ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), ChTF5-6(CYP1A1) and OJ1078 were cultivated at 30°C for 16 days, when the production of LiP and MnP reaches a maximum level (Yamazaki et al. 2004a, b; Yamazaki and Shishido, 2003) . Although a constant recovery (%) of 2,7/2,8-DCDDs from the whole cell culture was not obtained, probably owing to the much larger mass of mycelial cells, roughly about 85-90% of 2,7/2,8-DCDDs was considered to be transformed by ChTF5-2(CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6(CYP1A1), while about 30-35% was presumably transformed by OJ1078 (data not shown).
Discussion
We succeeded in the molecular breeding of white-rot basidiomycete C. hirsutus strains producing the rat cytochrome P450 CYP1A1, which plays an important role in the metabolism of M-TriCDDs. The CYP1A1-producing ChTF5-2(CYP1A1), ChTF5-4(CYP1A1) and ChTF5-6 (CYP1A1) strains and recipient OJ1078 strain (and also control Arg + transformant producing no CYP1A1) were cultivated in 10 ml MYGC medium containing 10 μg 2,7/2,8-DCDDs at 30°C for 5 days with shaking. Strains ChTF5-2 (CYP1A1), ChTF5-4(CYP1A1), and ChTF5-6(CYP1A1) transformed about 70.3% of the 2,7/2,8-DCDDs, while only about 11.8% was transformed by OJ1078 (and the control transformant). CYP-catalyzed metabolism of various CDDs has been not reported to date in white-rot basidiomycete fungi such as L. edodes, P. chrysosporium and P. pulmonarius (Akiyama et al. 2002 (Akiyama et al. , 2004 Maspahy et al. 1999 ; Van den Brink et al. 1998 ). Our results suggest that, after 5 days cultivation, only a fraction (11.8%) of 2,7-and 2,8-DCDD molecules were transformed by the extracellular lignin-degrading enzymes LiP and MnP, and that the majority (58.5%) of the 2,7-and 2,8-DCDD molecules, having escaped transformation by LiP and MnP, were transported into mycelial cells and transformed by the rat CYP1A1 enzyme within them. Sakaki et al. (2002) reported that the transformation products (metabolites) of 2,7/2,8-DCDDs by rat CYP1A1 include various compounds generated by multiple reactions such as hydroxylation at an unsubstituted position, hydroxylation with migration of a chloride substituent, hydroxylation with elimination of a chloride substitutent, and opening of the dioxin ring. Although their transformation activities towards 2,7/2,8-DCDDs have not yet been examined, the CYPs of the white-rot basidiomycete P. lindtneri have been implied to transform nonchlorinated DD into a mono-hydroxylated form (Mori and Kondo 2002) . Even if C. hirsutus OJ1078 produces CYPs that catalyze the transformation of chlorinated DD as well as non-chlorinated DD, their contribution to transformation of 2,7/2,8-DCDDs may not be significant; the relative transformation of 2,7/ 2,8-DCDDs (%) by such endogenous CYPs is clearly less than 11.8%.
Although varying slightly depending on the amount of 2,7/2,8-DCDDs added to culture medium, the degree of transformation of 2,7/2,8-DCDDs by the rat CYP1A1-producing C. hirsutus strains were very similar. The activity of cytochrome P450 enzyme is regulated by NADPH-P450 reductase. Thus, it is possible that the amount of NADPH-P450 reductase produced in the recombinant C. hirsutus cells is insufficient compared with the amount of P450 enzyme, thereby regulating the activity of the latter at a constant lower level. To confirm this, introduction of a C. hirsutus NADPH-P450 reductase-expression cassette into the rat CYP1A1-producing C. hirsutus strains will be required. As mentioned in the Introduction, a much more efficient transformation (degradation) of TriCDDs, as well as of 2,7/2,8-DCDDs, is thought to be achieved by cocultivation of C. hirsutus strains producing rat CYP1A1 and those producing large amounts of LiP and MnP. Fig. 4b-f . The amount of 2,7/2,8-DCDDs shown in Fig. 4b was taken as 100%. Lanes: 1 Recipient OJ1078, 2 ChTF5-2 (CYP1A1), 3 ChTF5-4(CYP1A1), 4 ChTF5-6(CYP1A1). Error bars Standard deviation of three replicates
